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ABSTRACT

Tools for fatigue life prediction of solder joints are developed. This report
consists of two parts. In Part One, the creep and plastic deformations stored
in a solder joint are calculated by implementing appropriate plastic and creep

constitutive models in a nonlinear finite element program. The calculated
damage in each cycle is then related to the life of the material using two
failure criteria: strain-life and energy-partitioning. The importance of
parameters affecting the fatigue life of solders are evaluated. In Part Two, the
finite element analysis is combined with x-ray and laser imaging systems,
from which real solder joint geometries can be constructed. The approaches
presented herein provide a useful tool in the design and manufacturing of

surface-mount assemblies.
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1. STATEMENT OF THE PROBLEM

Pb-Sn solder alloys have been used extensively in electrical connections

because of their softness and low melting temperature. Due to its viscoplastic

nature, large creep and plastic deformations accumulate in a solder joint

during thermal cycling, which eventually lead to thermal fatigue failures. The

reliability of the solder joints subjected to thermal fatigue loading has become

one of the critical issues in modem electronic packaging. Many attempts have

been made in understanding the basic mechanisms involved, but most of them

remain as an empirical or at best a semi-empirical approach. Sophisticated

methods are needed to determine the damage stored in each cycle and relate

this damage to the life of the material. The purpose of this study is to develop

a fatigue life prediction approach based on finite element method, associated

with the deformation mechanisms, and failure mechanism of solder joints, to

evaluate the importance of parameters affecting fatigue life of solders. Many

progress have been made during this study (Paydar et al., 1992, 1993, Akay et

al., 1993). We have shown that by interacting with laminography and laser

vision system, a real solder joint geometry can be constructed and analyzed.

This appreoch will guide the mechanical design process toward higher

reliability and longer life cycle for devices.

A reliable life prediction of solder requires an accurate determination of creep

and plastic deformations and the resulting stresses developed during thermal

cyclic loads. The present work illustrates the use of plastic flow and creep

constitutive models for solder joints under thermal loads, using the finite

element program ABAQUS (1989). Several finite element models of solder

joints are generated. Due to the large number of iterations involved in an

elasto-plastic-creep analysis, a 3D finite element modeling and analysis is

very time consuming. Therefore, majority of the analyses presented here are

performed based on two-dimensional plane s~ress models, which have been
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proven giving very close results when compared with the respective results of

the 3D model. At the sametime, we have generated and analyzed a few three-

dimensional finite element models of real solder geometry from RVSI and X-

ray imaging. The procedures of generating the firite element models from

these image are demonstrated and results are discussed.

Following a thermal stress analysis, the total strain and energy magnitude in

each cycle calculated from the finite element method are converted to the

fatigue life to failure using two failure criteria: strain-life and energy-

partitioning. The results are compared to establish the appropriateness and

range of applicability of each approach. The relative merits of each approach

are discussed.

The parameters studied for fatigue life predictions include: ramp time, hold

time, grain size, initial temperature, constitutive equations, material

properties for solder alloys, mesh refinement, voids in the solder joint, and

three-dimensional effects. The effects of these variations on the fatigue life of

solder joints are illustrated. The calculated results have also been compared

with the experimental observations.
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2. FINITE ELEMENT ANALYSIS OF SOLDER JOINTS
UNDER THERMAL CYCLIC LOADING

The prediction of the fatigue life of a solder joint requires a thorough

understanding of the deformation and failure mechanisms of solder alloy, and

a sophisticated methodology to accurately calculate the strains and stresses in

the solder joint. The finite element method is chosen here because of its
capability of solving complex non-linear problems and the availability of pre-

and post-processing computer-aided modeling and analysis techniques. An

elastic-plastic-creep model is adapted to investigate the solder joint

performance under thermal cycling between 125TC and -55°C.

2.1 Finite Element Mesh

Finite element meshes for solder joints were generated using the finite

element mesh generation program PATRAN (1990). A typical solder joint
shown in Figure 2.1 is about 670 gim long, and 500 4m tall. It connects a

resistor to an SMT board. The mesh of this model consists of 887 plane

stress elements with 963 nodes. Assuming a symmetry plane, only half of the

resistor geometry was considered. With x-symmetry along the right-hand

edge, this model represents a two joint structure. On the symmetry plane the

board was constrained in x-direction. To avoid any rigid body motion in the y-
direction, the point on the right bottom corner of the board was constrained

against the y-displacement.
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2.2 Constitutive Relationships for Solder

The central problem in the study of high temperature creep is the choice of a

reliable constitutive equation to represent the creep characteristics. Since a

precise constitutive equation cannot be obtained, an empirical relation known

as Dorm's Equation in the literature has been used here. According to Dorn's

Equation, the creep deformation mechanism can be expressed by a power law

expression (Lam et al., 1979) in the form:

(.- ADo ( (GD exp (-Q/RT) (2.1)

where E is the effective strain rate, a is the equivalent stress, T is the

absolute temperature, G is the shearing modulus, A is a dimensionless

constant, d is the grain size (5.5 x 10-5 mm), b is the characteristic length of

crystal dislocation (3.2 x 10-7), Do is the frequency factor (100 mm 2 ), R is the

gas constant, Q is the activation energy for plastic flow, k is the Boltzmann's

constant, p is the grain size exponent, and n is the stress exponent. Choosing

appropriate values of the four parameters A, Q, p and n, the high teiiiperdture

deformation mechanism can be completely defined. The constants of Dorn's

equation have been determined experimentally by several authors, e.g., Lam

et al. (1979), Grivas et al. (1979), and Mohamed and Langdon (1976). The

experimental procedure to obtain these constants are summarized in the

following, based on the work done by Mohamed and Langdon (1975, 1976).

The specimens are tested using either an Instron testing machine or a

constant-stress creep machine. On the Instron machine, the steady-state

stress applicable to any imposed strain rate is determined using the

established strain rate cycling procedure. On the creep machine, the steady-

state strain rate applicable to any imposed stress is determined by stress
cycling (Mohamed and Langdon, 1975, 1976).

The stress exponent n is determined from the logarithmic plot of i versus 0,
i.e.,n- D(lni)/D (In r).
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The strain rate dependence on grain size p is determined from the logarithmic

plot of iversus d, i.e., p = - (In )/a( In d ).

Following from Equation (2.1), the true activation energy for plastic flow is

given by:

n-1
aln(•)G T

Q= -R ý (T) (2.2)

The value A is obtained by setting Do = 1 s-1 and fitting Equation (2.1) to the

experimental data.

The values of A, Q, p and n obtained by different authors are summarized in

Table 2.1. As may be observed, there is a significant variation in the values

determined by each investigator, especially for the dimensionless constant A
in Equation (2.1). The effect of these different constants for Dorn's equation

a- well -s -i hyperbolic sine relation used by Pan (1991) on creep response

have been studied during this project.

We have used the following temperature dependent relationships for the

shearing modulus and yield stress of solder, respectively:

G(T)=2.2x104 -16.1xT MN/rmn (2.3)

(T)M= 101.6-0.227xT MNI/rn (2.4)

In addition, a 10 % strain hardening was assumed after the yield. These

temperature-dependent properties together with the creep law given in

Equation (2.1) were implemented into the non-linear finite element program

ABAQUS (1989) with a user defined material subroutine. Table 2.2 gives the

elastic and thermal expansion properties of the materials used in the model at

different temperatures.
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2.3 Fatigue Life Prediction

Failure Mechai..ims. Early studies have discovered that several fatigue

damage mechanisms exist in solder joints (Frear et al., 1990, Lau, 1991),

which include: propagation of a major crack, wedge cracking at grain corners,

and grain boundary cavitation. It has been adopted in solder fatigue research

that fatigue crack initiation and growth is the dominant damage mechanism.

Based upon this assumption, a number of fatigue life prediction models have

been proposed. These include: strain-life relationship, and strain energy

partitioning approaches.

Crack Propagation and Fatigue Life. Coffin (1954) and Manson (1965),
working independently on the thermal fatigue problem, found that the low

cycle fatigue data for many metals may be fit to the empirical plastic strain

-life relation, which can be linearized on log-log coordinates in the following

form:

2 -=f( 2 Nf) 
(2.5)

where, 2 is the plastic strain amplitude, Ef is the fatigue ductility

coefficient, Nf is the number of cycles to failure, and c is the fatigue ductility

exponent. Many efforts have been made to explain the power-law relation

between plastic strain range and life. Such an analysis was male by Manson

(1965) and Solomon (1990), which is based on the assumption that a power-

law relation between crack-growth rate and AEp'1- , i.e.,

df p )sg = Q A(2.6)

where f is the crack length, N is the number of cycles, Asp is the plastic strain

range, and C and s are constants. By further assuming that the crack length

at fracture is approximately constant, the plastic power-law relation

analogous to Equation (2.5) was obtained from Equation (2.6).
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Strain-Life Relationship. Following Equation (2.5), an empirical strain-life

relationship proposed by Coffin (1954) and Manson (1965) can be written as:

1 ,-A )C (2.7)

where

Nf = mean cycle to failure

ACIE = inelastic strain range in one cycle of loading

£f = fatigue ductility coefficient = 0.325

c = fatigue ductility exponent = -0.5 -- 0.7, it is assumed as -0.5 here in

the

comparison of Engelmaier's Equation.

Although Equation (2.7) is simple to use, it does not account for the effect of

cyclic frequency and mean cyclic temperature. Engelmaier (1983) modified the

Coffin-Manson relationship for near eutectic Sn-Pb solders to include an

empirical description of the effect of cyclic frequency and mean temperature.

The modified expression is:

Nf 1(AY)(C)(2.8)N= 2 r2E~

where

Nf = mean cycle to failure

Aiy = total shear strain range in one cycle of loading

Ef = fatigue ductility coefficient = 0.325

c = fatigue ductility exponent

= -0.442 - 6 x 10-4 Tm + 1.74 x 10-2 In (1 + f)

Tm,= mean cyclic solder joint temperature 0C
1

= i (Tmax + Tmin)

Tmax = maximum cyclic temperature 0C
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Tmin = minimum cyclic temperature 0C

f = cyclic frequency, 1 < f < 1000 cycles/day

The equivalent strain is defined from the components of the strain tensor as:

;2
£ = (2.9)

where,

Eij = JdEiU (2.10)

is the total strain tensor which is the sum of elastic, plastic, and creep
components, and dEij is the incremental strain tensor. The equivalent strain

C is then converted to the equivalent shear strain y by the following

relationship:

S•3 F_ (2.11)

The total equivalent shear strain amplitude is the sum of the elastic, plastic

and creep strain amplitudes obtained from the finite element analysis:

7=7e +•p +c (2.12)

Energy-Partitioning Approach. Energy-partitioning approach was
proposed by Dasgupta et al. (1992). The advantage of this method is that it
includes both strain and stress information in life prediction, while the Coffin-

Manson type strain-life relationships include the effect of strain information
only. The solder joint response to cyclic thermal loading in this method is

characterized by hysteresis loops on the stress/strain plane. The area of these
hysteresis loops are representative of the creep energy dissipation density,
plastic energy dissipation density, and elastic strain energy density,
respectively, over one cycle. Obviously, the constitutive relation of the solder

affect the shape of the stress-strain relationship.
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Dasgupta et al. (1992) indicated that the power-law relationship between

strain range and life also implies a power-law relationship between energy

density dissipated per cycle and fatigue life. Thus:

Energy = Ue + Wp + Wc = UoNfeb' + WpoNfpc'+ WcoNfcd' (2.13)

where

Ue = UoNfeb'= 1 G~e2,

Wp= WpoNfpc' = dyp

Wc = WcoNfcd'= f T d"Ic

where b', c', d' are the slopes and Uo, Wpo, and Woo are the intercepts of the

plots of Uo, Wp, and Wc , respectively, versus cycles to failure on a log-log

scale. The fatigue constants Uo, Wp, Wco, b, c', and d' were derived in terms of

the strain-life fatigue constants by Dasgupta et al. (1992) as follows:

b'= -0.18

c'= -0.6

d' = -1.16
Uo= 100 (lb-in/cycle-in 3 ) = 11.30E6 (N-mrm/cycle-mm 3 )

Wpo = 24,200 (lb-inrcycle-in 3 ) = 27.35E8 (N-nmm/cycle-mm 3 )

Wco = 9250 (lb-in/cycle-in 3 ) = 10.45E8 (N-mm/cycle-mm 3 )

Consequently, the fatigue damage per cycle due to elastic, plastic and creep

energy dissipation can be written as:

1 1 1
De Nfe' D P= -, D=fc(2.14)

respectively. The total damage DT is given by:

DT = De + Dp + Dc (2.15)
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The solder joint fatigue life, Nf, is given by:

Nf= 1 (2.16)
DT
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Table 2.1 The values of coefficients in Equation (2.1)

Investigators A Q p n
(KJ/mol)

Grivas (1974) 3.2 x 1012 79.1 2.0 3.0

Mohamed and 1.5 x 1014 84.1 2.3 3.0
Langdon (1975)

Lam et al. (1979) 40.0 44.0 1.6 2.4

Table 2.2 The elastic and thermal expansion properties of the materials.

Temperature Young's Modulus Coefficient of
Material Poisson's Ratio Thermal

(°C) GN/m2  Expansion
gm/m°C

Resistor -55 255.1 0.30 6.0
(ceramic) 24 255.1 0.30 6.0

125 255.1 0.30 6.0
Board -55 11.1 0.30 15.0
(FR-4) 24 11.1 0.28 15.0

125 11.1 0.30 15.0
Solder -55 51.8 0.40 25.0

(Pb-Sn) 24 48.2 0.40 25.0
125 43.7 0.40 25.0
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3. NUMERICAL RESULTS AND DISCUSSIONS

In most cases of our numerical calculations, Equation (2.1) is used with

constants given by Lam et al. (1979) in Table 2.1. Unless otherwise stated,

the thermal cycle is started at 125°C in each case. The whole model is

assumed to have a uniform temperature, stress free condition at the starting

temperature. A full cycle consisted of cool-down and heat-up between 125°C

and -550 C using the same ramp and hold times during the cool-down and

heat-up stages. A typical thermal loading history curve with 5 minutes ramp

time and 10 minutes hold time is shown in Figure 3.1. The grain size of solder

is chosen as 5.5x10-3 mm, unless otherwise specified.

3.1. A Two-dimensional Resistor-Joint-Board Assembly
- A Parametric Study

In this case, a parametric study has been done for a two-dimensional finite

element model of a typical solder joint described in Section 2. 1.

Effect of Ramp Time. The calculated effect of ramp time on the maximum

equivalent stress and strain is shown in Figures 3.2 through 3.4. Figure 3.2

shows the maximum von Mises stress history. The maximum stress increases

as the ramp time decreases. For the cases when the ramp time is smaller

than 2 minutes, the maximum stress reaches the yield stress and hardening

takes place. Especially for the case of very fast ramp time, such as 10-5 sec

ramp time, the stress continues to increase after the solder has yielded during

the temperature ramp down. Also, a stress relaxation at the hold time is

observed for all cases due to creep. The maximum equivalent total strain in

Figure 3.3 shows that the total strain decreases with the increase of the ramp
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time. The effect of ramp time on the maximum equivalent plastic strain and

creep strain history is shown in Figures 3.4(a) and 3.4(b), respectively, for the

same case. It is observed that the faster ramp time causes more plastic strain

but less creep strain, while the slower ramp causes more creep strain but less

plastic strain.

Effect of Hold Time. The effect of hold time on maximum equivalent stress

and strain is also studied as shown in Figures 3.5(a) and 3.5(b), respectively.

The results showed that there are no significant changes in the maximum

stress and strain magnitudes due to the changes in hold time duration.

Figures 3.6 and 3.7 show the distribution of von Mises stress and creep strain,

respectively, after 5 minutes ramp from 1251C to -55'C and after 10 minutes

hold at -550 C. It is observed from Figure 3.6 that the stress is redistributed

after 10 minutes hold, and its magnitude reduces due to creep relaxation. The

effect of creep relaxation is also depicted in Figure 3.8, where the creep strain

has increased after 10 minutes hold at -55°C. The maximum stress and creep

strain are determined at the interface between the solder and the resistor.

Effect of Grain Size. The effect of grain size on the maximum equivalent

stress and strain was also investigated. Although, the grain size changes are

usually accompanied by the changes in material properties, here, due to the

lack of sufficient material data, only grain size change was considered. It is

observed in our study that the maximum von Mises stress and plastic strain

increase when the grain size increases, while the maximum creep strain and

total strain magnitudes decrease. Figure 3.8 shows the maximum equivalent

total strain history curve. The effect of the grain size on number of cycles to

failure is rather insignificant as summarized in Table 3.1.

Effect of Constitutive Models and Constants. The sensitivity of results to

different constitutive equations and material constants given by different

investigators were also investigated. The results are shown in Figure 3.9 for

a cycle with 5 minutes ramp time and 10 minutes hold time. Although the

values of partitioned strains (plastic and creep) vary, it was observed that

there is no significant difference in the maximum equivalent total strain
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magnitudes with different constitutive equations. The fatigue life predicted

by different constitutive equations and constants are given in Table 3.2.

The sensitivity of results to different material constants given by different

investigators were studied using the both failure criteria. The results

obtained by using the basic 887-element mesh are summarized in Figures

3.10-3.15. Figures 3.10 and 3.11 are the maximum von Mises stress and the

maximum total strain history curves for one cycle of loading with 2 minutes

ramp and 10 minutes hold. These curves tend to repeat the same behavior for

all other cycle,,, with a strain magnitude shift in each cycle equal to the

residual strains shown at the end of the first cycle.

The equivalent strain magnitudes in Figure 3.11 were calculated from

Equation (2.9). The equivalent strains can also be determined using the

summation of the incremental equivalent strain values calculated at every

time-step of the solution procedure as follows:

s=fde (3.1)

where de is the value of the incremental effective strain evaluated from:

de = -2 deijdej. (3.2)

and deib is the incremental stain tensor. The ABAQUS computer program

provides an option of calculatir.g the effective strains either from Equation

(2.9) or from Equation (3.1). Since in Equation (3.2), dE is always positive,

Equation (3.1) yields a continuously increasing effective strain values

throughout a loading cycle. This is illustrated in Figure 3.12. Comparing

Figures 3.11 and 3.12 shows that Equation (3.1) gives approximately twice as

much creep strain than what is calculated from Equation (2.9). However,

since Equation (2.9) reflects the strain relaxation properly, it may physically

be more meaningful to use for determining the total strain range, AE, in
fatigue-life calculations. It is seen from the results of the strain-life



18

prediction, in spite of significant variations in creep properties given in Table

2.1, the resulting total maximum strains as well as the number of cycles to

failure are rather insensitive to the variations in these properties. However,

the stresses are more sensitive to the changes in creep properties.

Figures 3.13-3.15 are the hysteresis loops which represent the viscoplastic

strain energy density. Equation (2.9) was used again for calculation of the

equivalent strains. Figures 3.16-3.17 shows life prediction results from two

failure criteria. The correspondence results of elastic, plastic and creep strain

and energy as well as the fatigue life predicted by both methods are

summarized in Table 3.4-3.5. These results indicate that the strain energy

density is more sensitive to the changes in creep properties. It is observed

that the energy-based and strain-based failure laws may give conflicting

predictions of fatigue damage accumulation. The energy criterion gives more

conservative life prediction, especially in the cases when stress and strain are

calculated away from singularity point.

Effect of Young's Modulus. For the cycles of 5 minutes ramp, 10 minutes

hold, and 10-5 second ramp, 10 minutes hold, we have also investigated the

change of the maximum strains and stresses of the solder joint with changing

Young's moduli given by Equation (2.3) and by using a magnitude ten times

smaller. Figures 3.18 through 3.21 show the history curves of maximum von

Mises stress, maximum equivalent creep strain, maximum equivalent plastic

strain, and maximum equivalent total strain, respectively, for both cases. It is

found from these figures that higher Young's modulus results with higher

maximum von Mises stress and higher maximum equivalent plastic strain,

but lower maximum equivalent creep strain. The effect of Young's modulus on

the maximum plastic and creep strain magnitude is pronounced in the case of

faster ramps. There is, however, only an insignificant change of the total

strain due to the change of the Young's modulus.

Effect of Initial Temperature. The effect of initial temperature (stress

free) has also been investigated. Maximum stress and strain history curves of

three thermal cycles with different initial temperatures are shown in Figures

3.22(a) and 3.22(b), respectively. Although there is a phase shift in the

maximum stress response, there are no significant differences for the
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maximum cyclic stress as well as the total strain. For the cycle started at

-55*C, the stress increases at the very beginning and decreases throughout the

rest of the ramp. This indicates that the effect of the solder creep is more

significant than the temperature increases. At the high temperature hold, the

stress is very small, but it does not reach zero. During the temperature ramp

down, the stress increases continuously, and some stress relaxation is

observed at the low temperature hold.

Three-Dimensional Effects. To assess the accuracy of the two-dimensional

(2D) modeling assumptions, a three-dimensional (3D) finite element model is

generated, as shown in Figure 3.23(a). Figure 3.23(b) shows the comparison of

current plane stress model with plane strain, generalized plane strain and 3D

models. It is observed in this case that the plane stress results in creep strain

are closer to the 3D model than those of plane strain and generalized plane

strain models.

Effect of Mesh Refinement. Several cases of mesh refinement have been

studied and compared. It is found in Figures 3.24(a) and 3.24(b) that there

are two singularity points at the sharp corner of the solder-resistor interface

where the maximum total strain and the maximum von Mises stress increase

as the number of element increases. Figures 3.25(a) through 3.25(d) show von

Mises stress and equivalent creep strain distribution of two mesh refinements

(the mesh with 232 elements, and the mesh with 1701 elements), respectively.

It is found that the results of the denser mesh are in close agreement with the

one of coarser mesh after a certain distance away from the singularity point.

In predicting the life cycle, we propose the choice of a characteristic radius R,

which is sufficiently far from the singularity point but close enough to

represent the maximum strain area. An arc with its center at the singularity

point and its radius equal to R is drawn as shown in Figure 3.26. The average

total strain on the arc is calculated, and the total effective shear strain range

is obtained using Equations (2.7) - (2.10). With this procedure, the results are

less sensitive to mesh refinements.

To further study this, the same joint have been analyzed by increasing the

mesh density to 887 and 1701 elements. The maximum total strain as well as

the elastic, plastic and creep energy density on the arc are also calculated,
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these are then converted to fatigue life to failure using both failure criteria.

As it is shown in Figure 3.27-3.28, the results on the arc are rather insensitive

to the mesh refinement for both life prediction criteria. It is also interesting to

observe that the strain energy partitioning criteria is less sensitive to the

mesh refinement even at the singularity point.

Fatigue Life Prediction. The calculated total shear strain range and

energy density are introduced to the equation (2.8) and equation (2.16),

respectively, to estimate the number of cycles to failure. Based on equation

(2.8), it is observed that the number of cycles to failure decreases when the

hold time increases as shown in Figure 3.29. This is mainly because the

reduction in frequency decreases the number of cycles to failure. It is

.interesting to observe that the fatigue life is very sensitive to the hold

duration up to 5 minutes, but much less sensitive at longer duration. A few

minutes of hold time reduce the number of cycles to failure by almost 70%.

The effect of the ramp time on the fatigue life of solder is governed by two

factors, the total shear strain range as well as the frequency. The increase of

the ramp time lowers the frequency of cycles which in turn tends to reduce the

number of cycles to failure due to grain boundary cavitation, grain boundary

sliding, and environmental effect (which are time dependent). In the mean

time, the increase of the ramp time reduces the shear strain range leading to

the increase of the number of cycles to failure. The combination of these two

factors determines the number of cycles to failure, as shown in Figure 3.29(a).

Figure 3.29(b) shows the number of cycles to failure versus holding time using

the Coffin-Manson Equation (2.7). It is observed that the fatigue life predicted

by Equation (2.7) is considerably lower than the one predicted by Equation

(2.8). The fatigue life predicted using energy criterion gives the results quite

different from those predicted by Equation (2.8) as we have discussed earlier.

The energy criterion is more sensitive to the changes in creep properties but

less sensitive in mesh refinement. Also, as we will mention later in section

3.3, it results in the number of life to failure very close to the one of the

experiment test.



21

3.2. A Three-dimensional Assembly of Three Joints

A finite element model of a three-joints structure is shown in Figure 3.30. The

geometry of this three-joints structure was obtained from RVSI laser system.

In Section 3.3 of Part 2, we describe the detailed procedure of generating 3D
finite element mesh from RVSI data. Here we show some of the numerical
results of creep-plastic analysis of the solder joints under a thermal cycling.

F -ures 3.31-3.34 show the distribution of von Mises stress and creep strain,

respectively, after 5 minutes ramp from 125TC to -55°C and after 10 minutes
hold at -550C. As it was discussed in Section 3.1, the stress is redistributed

after 10 minutes hold, and its magnitude reduces due to creep relaxation. It is

also found that the highest von Mises stress of the solder joints are located at

the interface of the solder and the transistor, while the highest creep strain

are at the interface of the solder and solder pad. Figures 3.35-3.36 show the
stress and creep history curves for the same model. Figure 3.37 is the

hysteresis loops which represent the creep strain energy density. The elastic

and plastic energy density are zero is this case. The fatigue life of the solder
joints is calculated using both failure criteria. The corresponding results of

elastic, plastic and creep strain and energy as well as the fatigue life predicted

by both methods are summarized in Table 3.6. AM may be observed, both
methods yield close results in this case.

In this three-dimensional case, the maximum strains occurred at solder-pad
interfaces, while the maximum stresses occurred at solder-capacitor

interfaces.

3.3 A Two-dimensional Resistor-Joint-Board Assembly --
Comparison with Experiments

A program for establishing of solder joint life prediction methodologies and

experimental data of various surface mount components have been recently
initiated by the Jet Propulsion Laboratory (Wen and Kovak, 1993). The

results of an initial test case will be discussed here.
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An assembly consisting of solder joint, resistor, solder pad, PC board and

aluminum plate has been tested under a thermal-cycle loading at Motorola.

The temperature cycling profile is shown in Figure 3.38, and the material

properties of each component is shown in Table 3.3. It is observed from the

test that the solder joint failed in about 200 cycles. A finite element model

was generated based on the information given, and is shown in Figure 3.39.

Notice that there is a small void in the solder joint in adjacent of the solder

pad. Figures 3.40-3.41 are the maximum von Mises stress and maximum

creep strain history curves, respectively. Figure 3.42 is the hysteresis loops

which represents the creep energy dissipation density. The fatigue hie of the

solder joint are predicted using both failure criteria based on these curves, the

results are shown in Figure 3.43. The corresponding results of elastic, plastic

and creep strain and energy as well as the fatigue life predicted by both

methods are summarized in Table 3.7. It is seen from the figure that the

fatigue life predicted using energy criterion results with the number of life to

failure prediction very close to the one of the experiment. The strain criterion

yielded much shorter fatigue life. The same joint, in the absence of void was

also analyzed as shown in Figure 3.44. It is found from Figure 3.42 that the

fatigue life predicted for the joint without void is very close to the one which

has a void. This is because the void in this case is away from the highest

strain and stress regions. Therefore, it is concluded that in this specific case,

the void in the solder joint has insignificant effect on the fatigue life to failure.

In the mean while, we have also tried different mesh refinement as shown in

Figure 3.45, and found that there is no significant variation in stress and

strain distribution due to the mesh refinement, especially at the maximum

stress and strain location. Therefore, the location where the maximum stress

and strain occurred were chosen for the life prediction.

In this case, the corner of solder, pad and resistor interface shown in Figure

3.39 was the location of maximum strain and stress magnitudes.
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Table 3.1 The effect of grain size on the number of cycles to failure (5 min

ramp, 10 min hold)

Grain size Shear Strain Range Number of Cycles to Faihu e
(mm)

2.2 0.0276 1478

5.5 0.0267 1615

18.4 0.0259 1736

Table 3.2 The comparison of the results using different constitutive laws (5

ein ramp, 10 min hold)

Constitutive Law Shear Strain Range Number of Cycles co Failure

Lam et al. 0.0267 1615
(1979)

Grivas 0.0291 1293
(1974)

Mohamed & Langdon 0.0270 1563
(1975)

Pan 0.0276 1478
(1991)
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Table 3.3 Elastic materials properties at room temperature (24'C)

Young's Modulus Coefficient of
Material Poisson's Ratio Thermal Expansion

GN/m2  p~ni/m 0 C

Resistor 255.1 0.30 6.0
(ceramic) __________ _______ ___________

PC Board 11.1 0.28 15.0
(FR-4)_____ __

Pad 126.0 0.37 13.0
(copper)

Aluminum 63.7 0.36 23.5
plate _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Solder 48.2 0.40 25.0
(Pb-Sn)__ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _
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Table 3.4(a) Elastic, plastic, and creep strains, and the number of cycles to

failure at the singularity point (887-element mesh)

Investigators Y e Y p Y c Nf

Lam et al. (1979) 6.50E-4 1.31E-3 2.39E-2 1880

Grivas (1974) 7.69E-4 1.82E-3 2.46E-2 1659

Mohamed and 1.31E-3 4.66E-3 2.22E-2 1513
Langdon (1975)

Table 3.4(b) Strain energy, plastic energy dissipation, and creep energy

dissipation values, and the number of cycles to failure at singularity point

(887-element mesh)

Investigators Ue Wp WC Nf

Lam et al. (1979) 0.0 3.60E-2 3.50E-2 646

Grivas (1974) 0.0 5.18E-5 4.25E-2 547

Mohamed and 0.0 1.39E-1 2.64E-2 819
Langdon (1975)
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Table 3.5(a) Elastic, plastic, and creep strains, and the number of cycles to

failure at R = 0.03 mm (887-element mesh)

Investigators y e p PC Nf

Lam et al. (1979) 4.35E-4 0.OE+0 12.04E-3 12090

Grivas (1974) 7.22E-4 4.43E-5 11.88E-3 11846

Mohamed and 1.27E-3 1.09E-3 10.46E-3 11379
Langdon (1975)II

Table 3.5(b) Strain energy, plastic energy dissipation, and creep energy

dissipation values, and the number of cycles to failure at R = 0.03 mmn (887
element mesh)

Investigators Ue WP W Nf

Lam et al. (1979) 0.0 0.OE+0 2.29E-2 933

Grivas (1974) 0.0 1. 19E-3 2.88E-2 765

Mohamed and 0.0 3.21E-2 2.10E-2 1000
Langdon (1975)
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Table 3.6(a) Elastic, plastic, and creep strains, and the number of cycles to

failure at the maximum strain point (three-joint model)

Ye Yp Yc Nf

0.757E-4 0.0 0.0611 198

Table 3.6(b) Strain energy, plastic energy dissipation, and creep energy

dissipation values, and the number of cycles to failure at the maximum strain

and stress point (three -joint model)

Ue Wp Wc Nf

0.0 0.0 0.129 209
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Table 3.7(a) Elastic, plastic, and creep strains, and the number of cycles to

failure at the maximum strain point (JPL model)

Cases Ye Yp 7c Nf

Perfect joint 0.977E-6 0.0 0.1136 32

Joint with void 0.736E-7 0.0 0.1140 32

Table 3.7(b) Strain energy, plastic energy dissipation, and creep energy

dissipation values, and the number of cycles to failure at the maximum strain

and stress point (JPL model)

Cases Ue Wp Wc Nf

Perfect joint 0.0 0.0 0.137 199

Joint with void 0.0 0.0 0.134 203
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Figure 3.1 A typical temperature loading used for thermal cycling
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Figure 3.2 Maximum von Mises stress for different ramp times
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Figure 3.3 Maximum equivalent total strain for different ramp times
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Figure 3.4(a) Maximum equivalent plastic strain for different ramp times
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Figure 3.4(b) Maximum equivalent creep strain for different ramp times
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Figure 3.5(a) Maximum von Mises stress for different hold times
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Figure 3.5(b) Maximum equivalent creep strain for different hold times
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Figure 3.6 (a) The distribution of von Mises stress (I'v~a) after
5 minutes ram rp from 125 TC to -55 T 

2C

Figure 3.6(b) The distribution of von Mises strws (Nv~a) after
10 minutes hold at -55"C
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Figure 3.7(a) The dis-' outic. of equivalent creep strin after
5 rinir:Ies fa~ rom 125CC Eo -53'CC

Figure 3.7(b) The distribution of equivalent creep strin after
10 minutes hold =t -5*C
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sizes E



39

0.03_
- Lam et al.

"Grivas
. .......... Mohamed and Langdon
------------ Pan

S0.02

w 0.01

S~5 rain ramp
S~10 min hold

0.00 ,

0.0 10.0 20.0 30.0

Time (min)
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Figure 3.10 Maximum von Mises stresses for different material constants
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Figure 3.11 Maxinrum equivalent total strain for different material constants

from Equation (2.9)
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Figure 3.12 Maximum equivalent total strains for different material constants

from Equation (3.2)
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Figure 3.13 Elastic strain energy density at R
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Figure 3.14 Plastic energy dissipation density at R
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Figure 3.15 Creep energy dissipation density at R
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Figure 3.16 Number of cycles to failure at the singularity point using both

criteria
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Figure 3.17 Number of cycles to failure at R=0.03 mm using both criteria
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Figure 3.18(a) Maximum von Mises stress versus time of the cycle with 1.OE-5
sec ramp and 10 minutes hold for different Young's moduli
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Figure 3.18(b) Maximum von Mises stress versus time of the cycle with 5

minutes ramp and 10 minutes hold for different Young's moduli
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Figure 3.19(a) Maximum equivalent creep strain versus time of the cycle with

1.OE-5 sec ramp and 10 minutes hold for different Young's moduli
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Figure 3.19(b) Maximum equivalent creep strain versus time of the cycle with

5 minutes ramp and 10 minutes hold for different Young's moduli



52

0.03
.I - Young's modulus from Eq. (4)

......... Young's modulus is 10 times lower

S0.02

0.01

1.OE-5 sec ramp
10 min hold

0.00 •
0.0 10.0 20.0 30.0

Time (min)

Figure 3.20 Maximum equivalent plastic strain versus time of the cycle with

1.OE-5 sec ramp and 10 minutes hold for different Young's moduli
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Figure 3.21 Maximum equivalent total strain versus time of the cycle with

1.OE-5 sec ramp and 10 trinutes hold for different Young's moduli
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Figure 3.22(a) Maximum von Mises stress versus time for initial temperature

conditions 125°C and -55°C
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Figure 3.22(b) Maximum equivalent total strain versus time for initial

temperature conditions 125°C and -551C
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FINITE ELEMENT MESH (JNE JOINT)

Figure 3.23(a) 3-D finite element model
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Figure 3.23(b) Maximum equivalent creep strain versus time for 2D and 3D
models
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Figure 3.24(a) Maximum von Mises stress versus time for different mesh
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Figure 3.24(b) Maximnum equivalent total strain versus time for different
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Figure 3.26 A close proximity of the concentration points are chosen on the arc
with its characteristic radius R for predicting fatigue
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Figure 3.28 Number of cycles to failure using energy criterion
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Figure 3.29(a) Number of cycles to failure as a function of hold time, predicted

by Engelmaier equation



65

6000
................. 1.0E-5 sec ramp

z ......... 1 sec ramp
5000 -------- 2 min ramp

5 min ramp
"C3 10 minramp

S4000

S1 3000

QQU

2000

"•1000-- --

...-..-.................... ..........

0.0 10.0 20.0 30.0 40.0 50.0

Hold Time (min)

Figure 3.29(b) Number of cycles to failure as a function of hold time, predicted
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Figure 3.35 Maximum von Mises stress versus time of a cycle for the three-

joint structure
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Figure 3.36 Maximum equivalent creep strain versus time of a cycle for the
three-joint structure
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Figure 3.37 Creep energy dissipation density
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Figure 3.38 Temperature cycling profile
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Figure 3.40 Maximum von Mises stress versus time of a cycle for an assembly
with void in solder joint
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Figure 3.41 Maximum creep strain magnitude versus time of a cycle for an
assembly with void in solder joint
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4. CONCLUSIONS

A creep-plasticity model is implemented for thermal load response of solder

joints. Factors affecting the prediction of solder joint life are studied. Some

important results are summarized as follows:

1. Results for cyclic thermal loads indicate excessive stresses and strains.

Fatigue damage of solder joint is mainly because of the excessive

accumulation of cyclic inelastic strain. It is observed that plastic strains

are dominant under faster ramp (ramp time < 2 min ), creep strain are

dominant under slower ramp (ramp time >_ 2 min ), elastic strains are

negligible. The strains are highest at the end of the loading cycle, while

the highest stresses take place at the end of first step when the

temperature ramp from the highest to the lowest.

2. Although the existing models and material properties show disparity,

calculated total inelastic strains are in close agreement. The higher

Young's modulus for solder results in higher maximum von Mises stress

and equivalent plastic strain, but lower maximum equivalent creep

strain. Thermal expansion mismatch between solder and ceramic causes

high stress and strain concentrations at sharp corners.

3. Finite element modeling of stress and strain concentrations require

excessive mesh refinements and hence lead to expensive solutions,

especially in 3D. Choosing a close proximity of a concentration point as

the point to monitor for predicting fatigue is a more cost effective and

reliable solution strategy.

4. The increase of hold time at the maximum and the minimum temper-

atures in cyclic thermal loading results in the reduction of dhe life to
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failure. The increase of ramp time results in the decrease of the total

strain. The effect of grain size and initial temperature on the thermal

fatigue life to failure is insignificant.

5. The plane stress model gives the results which are reasonably close to the

3D model, while the plane strain model, as expected, has less accuracy in

predicting the strain for this special case. For irregularly shaped solder

geometry, the use of three-dimensional models may, however, be more

important.

6. The number of life to failure predicted by strain-energy partitioning is

more sensitive to the variations in creep properties, while the one

predicted by strain-life relationship is less sensitive.

7. The energy-based failure criterion gives the results which is more close to

the ones from experiment test.

8. The results from the strain energy-partitioning method are insensitive to

mesh refinement even at singularity points, while the strain-life

relationship is less sensitive only at the location far enough from the

singularity point.

9. For the limited studies made here, the energy-based and strain-based

failure criteria may give conflicting predictions of fatigue damage

accumulation, and therefore, conflicting predictions of fatigue life.

10. The void in the solder joint has insignificant effect on the fatigue life to

failure in the case studied here.

11. Due to nonlinearity of the problems and requirements for considerably

fine meshes the CPU times are extensive. Table 4.1 summarizes some

typical CPU times.
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Table 4.1 CPU times for some typical 2D cases

Cycle time Number of Number of Machine CPU in

in minutes elements nodes minutes

30 121 150 Sun/Sparc2 27

30 232 266 Sun/Sparc2 55

30 378 430 Sun/Sparc2 100

30 887 963 Sun/Sparc2 259

30 1701 1808 Sun/Sparc2 798
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PART TWO

CREATION OF FINITE ELEMENT

MESHES FROM INSPECTION MACHINES
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1. STATEMENT OF THE PROBLEM

Historically, solder joint inspection has been visually performed by human

inspector-, who base the reliability of a solder joint on the cosmetic appearanze

of the visible surface judged in accordance with US Department of Defense
(DoD-STD-2000) solder standards. However as the manufacturing of circuit
boards becomes more complex due to the drive for a decrease in space
utilization, the visual inspection process becomes difficult if not impossible.
Hence, there is a need for numerical modeling of solder joints of these boards
for improvement of reliability and manufacturability. These joints are
typically in various geometric forms and sizes, and determination of their
accurate geometries is extremely difficult. The purpose of this work is to
integrate Four Pi X-ray laminography, Robotic Vision Systems, Inc. (RVSI)

laser-vision, and image processing to construct a 3-D image of the joint for
finite element modeling. The Four PI and RVSI are imaging systems that are
designed for inspection of solder joints. Four PI is an x-ray system that
provides cross-sectional images, while RVSI is a laser system that provides

surface geometry. An automatic finite element mesh generation algorithm is
implemented for surface mounted solder joints. The program generates a
session file to be used in the commercial FE software package PATRAN.

The key to the success of this project centers around two main areas. The first

area is in the ability to acquire accurate geometry data. The second area is
the ability to produce accurate 3-D reconstruction. The type of solder joint
inspection system used determines the accuracy of the geometry data. The
developed algorithm determines the accuracy of 3-D reconstruction.



89

1.1 Solder Joint Inspection System

There are presently several different types of inspection systems, among them

are: human, laser-vision, and x-ray. Human inspectors can no longer identify

defects which will cause failure because of new technologies which include:

"* Decrease in printed wiring components (less than 20 mils)

"* Decrease in lead pitch (less than 20 mils)

"• Solder joints are partly hidden by the conponent case

"* Rapid growth in number of components per package

Also the visual inspection criteria may be too exclusive in the reliability

requirement of a leadless surface mounted component according to a study by

the ADSP/MANTECH program (Millard, 1989). From this study several

evaluation parameters were determined to be inspection necessities:

"• Investigating the interface composition
"• Determining the location and volume of voids

"• Assessing the mechanical reliability of the material

"* Assessing the volume and geometry of the solder joint

The other inspection systems such as laser-vision and x-ray systems were

developed to overcome the shortcomings of the visual inspection method.

1.1.1 Laser-Vision Systems

In laser-vision system, a laser is user to scan the solder and surrounding area.

Several sensors detect the reflected light. The signals of the sensors are

processed by a computer using geometrical triangulation to create a 3-D

model. The system can provide the surface geometry of the joint, but it cannot

investigate the interface composition, assess the mechanical reliability of the

material, or determine the location and volume of voids.
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1.1.2 X-Ray Systeias

There are two different solder joint x-ray inspection methods. The first

method, transmissive radiography, uses a fixed source and detector; the

second method, laminography, uses a rotation source and a synchronized

detector to create an image. This system can determine the geometry and the

size of voids located within slices, however it cannot investigate the interface

composition or assess the mechanical reliability of the material.

Table 1.1 shows a comparison of the different solder inspection systems. The

task of the project is to produce a 3-D reconstruction. The capabilities of an

inspection system to assess solder volume and geometry and locate voids are

indispensable for an accurate 3-D reconstruction of a solder joint. Because the

x-ray laminography is the only inspection system that can determine the

location of voids in the joint, it was chosen for this project.

1.1.3 Solder Joints

The first laminography machine was patented in France in 1922.

Laminography was used in medical imaging until it was replaced by

Computer Tomography. Computer Tomography provided better contrast

between materials with similar densities and lowered the patient's radiation

dose required for imaging. Laminography technology returned to use in 1986

when Four Pi Systems Corporation pioneered work in Scanned-Beam

Laminography (SBL). Laminography is best suited to planar objects with

high density contrast. Since printed wiring boards (PWB) are planar objects

and solder provides a sharp contrast, laminography is well suited for imaging

solder joints.
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Table 1.1 Summary of the evaluation narameters for the different solder joint
inspection systems

Type of Assess Solder Investigate Determine Locate Vnids
System Volume and Interface Mechanical

Geometry Composition Reliability

Laser-vision Yes No No No

X-Ray
Laminography Yes No No Yes
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2. CREATION OF MESHES FROM FOUR PI SYSTEM

The first laminography machine was patented in France in 1922.

Laminography was used in medical imaging until it was replaced by

Computer Tomography. Computer Tomography provided better contrast

between materials with similar densities and lowered the patient's radiation

dose required for imaging. Laminography technology returned to use in 1986

when Four Pi Systems Corporation pioneered work in Scanned-Beam

Laminography (SBL). Laminography is best suited to planar objects with

high density contrast. Si ice printed wiring boards (PWB) are planar objects

and solder provides a sharp contrast, laminograph" is well suited for imaging

solder joints.

2.1 Four Pi and Its Characteristics

A laminograph is created by rotating the x-ray source and a synchronized

detector as shown in Figure 2.1. The rotation produces a focal plane parallel

to the x-y plane through which all the x-rays pass. The features of the object

in the focal plane fall on the same location of the detector for any angle of

rotation of the source, while features in other planes will appear ;-- 7arious

locations on the detector. By integrating the image over a full rotation the

features within the focal plane will contribute a constant intensity at the same
location on the detec!7' - and thus on the final image. This same integration of

the features outside the focal plane will produce a variable intensity over a

greater area than the size of the object and thus will appear as a blur in the
final image. Features located far from the focal plane will appear as a faint,

very large blur in the final image, whereas features located closer to the focal

plane will generate a smaller, greater intensity blur. Since the solder is one
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solid mass (except for maybe some voids) contributicrs of features from very

clhse to very far are introduced inoL the final image.

2.2 Procedure for Creating Geometry

The procedure used in automated generation of 3-D finite element computer

meshes is shown in Figure 2.2. The flow of the problem solving stages is:

solder joint, image acquisition, image processing, image segmentation, image

recognition, image conversion, and session file preparation for the mesh

generation program PATRAN. The image acquisition stage is done with Four

Pi's 3DX Series 2000 Automated Digital Laminography System. The

remaining stages are done from a FORTAN program. From the figure each

step has an interaction with a knowledge base.

2.2.1 Knowledge Base

The knowledge base is information known about the object being imaged.

This would include the size and orientation of the object. For the surface

mounted resistor the knowledge base would include pad and resistc-

dimension and orientation of the solder joint. The standoff height of the

solder will also have to be included in the knowledge base. The standoff

height can be obtained from an external source for each solder joint or a value

could be set for each pad and capacitor arrangement. Presently a RVSI laser

vision system is the external source used to find the standoff height. One

obvious disadvantage to an external source is that the solder joint must now

be inspected by two different systems.

2.2.2 Image Acquisition

The laminographs can be obtained from two methods.
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Method 1 - Automatic mode

"* This mode is used in the inspection process of PWB.
"* CAD data of the PWB, number of slices per soldr joint, and location

of slice with reference to the PWB is inputted into the Four Pi

computers.

" This method demands the creation of several files before the

inspection process can start.

" These files are time consuming to develop and are geared to provide

information that is needed for the algorithms the company has

written.

Method 2- Manual mode
"* In this mode the user moves the solder joint within the view of the

video camera.
"* The user positions the focal plane and triggers a laminograph to be

taken.

"* The user then saves the image into a file.

"* A quick adjustment of the focal plane and the procedure is ready to

be repeated.

We are presently using the manual mode. The image files are copied onto

computer disks for transportation to the CAD/CAM laboratory where the files

are copied to a Sun SPARC station 2. The FORTRAN program will start with

the Four Pi images at the image processing stage and finish with the creation

of a session file in the session file stage.

2.2.3 Image Processing

In the image processing step each slice is processed to enhance contrast and

remove noise. Smoothing filters and sharpening filters are used in this stage.

Smoothing filters are lowpass spatial and median filters, whereas sharpening

filters are highpass spatial, high-boost, and derivative.
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Sharpening filters are used to emphasize or locate edges. Smoothing filters

are used to remove local distortions without removing larger features such as

edges. But smoothing filters blur edges and other sharp details during

operations. If the objective is to achieve noise reduction rather than blurring,

an alternative approach is to use median filters. In the median filter the gray

level of each pixel is replaced by the median of the gray level in a

neighborhood of that pixel, instead of by the average. Several different 3X3

filters are listed in Table 2.1. A new image is created by replacing each pixel

with a weighted average of the pixels in a surrounding NXN window.

Derivative filters use gradient values to find or sharpen edges. The Sobel

operator and the Prewitt operator are common methods of estimation local

gradients. These operators use a NXN window to estimate the partial

derivatives in the x and y directions. Each operator consists of a pair of

filters, one is for the x direction the other is for the y direction. Table 2.2

shows these two operators.

2.2.4 Image Segmentation

The image segmentation step partitions an input image into its constituent

parts. Once the image processing is done a threshold value is applied to the

data. Pixels above or equal to the threshold value are "on", those below are
"off'. The pixels that were "on" are now checked to see if they are part of the

perimeter. A 3X3 window is looked at for each of these pixels. With the pixel

of interest in the middle of the window, there are 8 neighboring pixels in the

window. A search of the neighboring pixels is done to see if any of them are
"on". If the number of neighboring pixels that are "on" are from 3 to 6 then

the middle pixel is marked as part of the perimeter. Figure 2.3 shows the

boundary found using the program. The scale on the right shows the 0 to 255

gray levels that are defined using the true color method in SunPHIGS 2.0

software. Gray level values are represented as

different RGB triples.
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2.2.5 Image Recognition

Image recognition step consists of three parts. The first part is to check if the

boundary found in the previous step is reasonable. The second part is to select

the best possible location for the pad from the first laminography. The third

part is to correct image distortions. These distortions are directly related to

the nature of laminography and the Four Pi Systems hardware used to

produce the images. Two corrections are currently being used. The first is to

correct for rounded corners. Rounded corners can be seen in Figure 2.3. The

large straight line on the left is the boundary between the solder and the

capacitor. The ends of this line show that the data is distorted by the

rounding effect of the image taking method. The second correction is to

provide a smooth boundary between the solder and the capacitor.

2.2.6 Image Conversion

The image conversion step has two parts. The first is the conversion of pixel

data to inches. The image file produced by Four Pi assigns each pixel a row

and column number. These numbers are used for the x and y local coordinate

axes. But these numbers are in pixels and need to be converted to inches

using the pixel dimension of 1 pixel equals 0.78125 mils. The second part is to

write the component data into a session file.

2.3 Generation of a Session File

The finite element (FE) software package PATRAN is used in the automated

generation of 3-D FE computer meshes. A session file is always produced as

an output from a PATRAN execution. The session file is an exact copy of all

input to the system from any source: keyboard, cursor, digitizer, and external

files. The information is recorded in a card image format which can be edited

or even created with a standard editor. A session file can be used to drive the

system. This ability provides two major capabilities.
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1. Model reconstruction from a session file.

2. Disaster recovery in case of error or equipment failure.

This project is directed at creating a session file. The session will be used in a

variation of the first capability above. The solder joint will be constructed

instead of reconstructed from the session file. The session file contains

commands that will define geometric entities. Geometric entities - grids,

lines, patches, and hyperpatches - are used to reconstruct a piecewise

continuous representation of the solder joint geometry.

The sessioi 1'e is created from several steps. The program defines grid points

as the pixels tound to be the solder boundary. The grid points are divided into

groups which will define lines. Two or more lines are then used to define

patches. Two or more patches are used to define hyperpatches. Patches are

comparable to a defined area, whereas hyperpatches are comparable to a

defined volume. Once the grids, lines, patches, and hyperpatches are defined

by the program, the program will write the appropriate command for the

generation of the required item. A sample session file is show in Appendix A.

2.4 Computer Program

The computer program is a modification of programs written by David Read

(1991) of the Materials Reliability Division of the National Institute of

Standards and Technology (NIST). Read's method for automated finite

element mesh generation for SMT solder joints consist of three programs. The

programs and their major functions are listed below:

DSH

"* Reads in Four Pi raw data

"* Averages rows to compensate for interlace problem

"* Threshold and gradient methods to find perimeter

COMBINE
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"* Reverses data points
"* Finds maximum and minimum values for each laminography

"• Writes all data into a binary file

SLICE4P

"* Reads file created in combine

"• Finds average aspect ratio in the x-y plane
"* Uses aspect ratio to help define the boundaries between

hyperpatches

"* Grids located on the boundaries are defined as end points of lines
"* Lines are defined
"* Patches are defined from four lines
"• Hyperpatches are defined from patches on two different

larninographs

"* Arranges the defined entities (grids ,lines, patches, and

hyperpatches) into a keyboard input format

"* Writes formatted information into session file

2.4.1 Limitations of the Existing Program

Meshes produced from the existing program are not accurate representation of

the solder joint images. The major factors that produce this problem are:

"• Limited use of image processing

"• One program designed to handle all SMT solder joints
"* Does not use any known information of the object being imaged
"* Does not adjust for distortions

2.4.2 Modifications of the Existing Program

The following modifications have been made to Read's (1991) program to

remove some of the above disadvantages:
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"* Simplify three programs down to one program
"* Use of different image processing techniques
"* Subroutines developed to handle one type of SMT solder joint
"• Program relies heavily on a knowledge base
"• Program adjusts for some distortions

"* Converts pixel coordinates to inch coordinates

In the development of the program three assumptions are made to facilitate

the automated generation of computer meshes.

"• The first assumption is that the solder completely covers the pad.

"• The second assumption is that the capacitor is parallel to the pad.

"* The third assumption is that the first slice is at the z distance of the

standoff height

The program starts with reading the files produced from each laminograph

and the distance from board level. The files are read in order of increasing

distance from the PWB. The data is stored in a 3 dimensional array for

processing. The pixel's columns and rows correspond to x and y values,

respectively. These are the first two dimensions of the array. This defines a

local x and y axes at the top left corner of the image. The third dimension of

the array is the file number. Since each file is assigned a z value as the

distance the laminograph was taken above the board, a local z axis is defined.

These local axes are used in processing the data and in ultimately the 3-D

generation of the object.

2.4.3 Boundary Finding Techniques

The boundary finding techniques are part of the image segmentation step

shown in Figure 2.2. The program uses the threshold and gradient techniques

from the existing program. The threshold method has been moJified in the

technique used to locate the solder perimeter.
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2.5.3.1 Threshold Method

The threshold method works best with a bimodal gray level histogram. A

image containing an object on a contrasting background produces a bimodal

histogram (Figure 2.4). The dark gray pixels inside the image produce the

rightmost peak in the histogram. The leftmost peak is due to the large

number of light gray pixels in the background. Relatively few mid-gray pixels

around the edge of the object produces the dip between the two peaks. A

threshold gray level chosen in the area of the dip will produce a reasonable

boundary for the object. When using the threshold method for image

segmentation, all pixels at or above the threshold level are assigned to the

object. The boundary is then that set of the pixels that has at least two

neighbors outside the object. The area of the object defined by the gray level

threshold T is given by

A = TH(T) dD

Increasing the threshold level form T to T' causes only a slight decrease in the

area.

2.5.3.2 Gradient Method

The gradient method uses the 3X3 Sobel operator (Table 2.2) to estimate local

x and y gradients. But before this method can be used a gray scale calibration

must be performed. The reason for this is that the gray level information for

each pixel represents the brightness at that location, however this information

does not correspond linearly to density. X-ray absorption is not linear, but is

exponential, as shown in Figure 2.5. This curve is obtained from the gray

scale values of 9 small solder disks located on the calibration board. The

thickness of these disks are know and range from 1 to 22 mils. Changes in the

pedestal gain and voltage gain of the camera alters the shape and position of

the curve; therefore, a gray scale calibration must be done for each different

camera settings.
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After implementing gray scale calibration, the adjusted pixel values are used

to find the local gradient values in the x and y directions. The gradient value

for each pixel is found from

G' = G'" + G'y
= Y

where G is the gradient value,

G. is the gradient value in the x direction,

Gy is the gradient value in the y direction.

The integer value of the gradient results is then used to find the boundary.
From this point on a method similar to the threshold method is used. A

threshold value is set and all pixels equal to or greater than this value are
segregated. These pixel are the solder boundary instead of the solder in the

threshold method.

2.5 3-D Reconstruction Process

The heart of the reconstruction process starts after the boundary is

determined and any distortions are corrected. The process includes the

following steps:

"* The program takes the boundary found from each slice and divides the

data into two parts by finding a middle axis parallel to the long axis of the

component as shown in Figure 2.6.
"* The two data points that fall on the middle axis are flagged as the end

points of lines.

"• Next the maximum and minimum of the pixel location that define the

boundary between solder and the component are flagged as end points of

lines as shown in Figure 2.7.

"* Two corners of the pad are used to locate the next two data points to be

flagged. A search is made for the point on the boundary slice that is the

minimum distance from each corner as shown in Figure 2.8.
"* Figure 2.9 shows seven lines that are defined from the six flagged data

points of each slice.
"* Now two patches are defined from the seven lines.
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* The above steps are repeated for each slice.

• Each group of two patches are matched up with two patches of a slice

immediately above the slice to define a hyperpatch.

* This step is repeated for each slice except the last (top) slice.

Once the grids, lines, patches, and hyperpatches are defined by the program,

the program will write into a file the commands needed for the generation of

the required geometric entities.
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Table 2.1 Typical 3X3 edge finding filters

Sobel operator Prewitt operator

-1 0 1 -1 0 1

-2 0 2 -1 0 1

-1 0 1 -1 0 1

-1 -2 -1 -1 -1 -1

0 0 0 0 0 0

1 2 1 1 1 1

Table 2.2 Gradient 3X3 edge finding filters

Horizontal edge Vertical edge Laplacian

enhancement enhancement

-1 -1 -1 -1 2 -1 -1 -1 -1

2 2 2 -1 2 -1 -1 8 -1

-1 -1 -1 -1 2 -1 -1 -1 -1

divide by 1 divide by 1 divide by 1
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Figure 2.6 Flagging first pair of data points



110

Pad corner

0 00 0

Flagged data 0
Long 0

axsompnntf 0

0
0

Boundary
••- between solder

and component 0
0

Flagged data 0 0

00 0

Pad corner

Figure 2.7 Flagging second pair of data points



111

Pad corner

S00 00

00 0
0 00

0 0
0 0
0 0
0 Flagged data 0
0 0
0 0
0 0
0 0
0 0o
0
00 00

0000

Pad corner

Figure 2.8 Flagging third pair of data points



112

Pad corner

Pad corner /

Figure 2.9 Defining seven lines between the six flagged data points



113J

3. CREATION OF MESHES FROM RVSI SYSTEM

The machine used for the reflectance inspection system is the RVSI HR-2000.

RVSI developed this system after it became involved with the US Navy

Manufacturing Technology Program CCAPS (Circuit Card Assembly and
Processing System) in 1986.

3.1 RVSI and Its Characteristics

This system uses a noncontact 3-D measurement - "structured light". The

structured-light measurement technique consists of the projection of a known,
controlled laser beam onto the solder joint. A solid-state camera is located at

a known angle and distance from the projector. The camera captures the
reflection of the laser beam projected onto the solder joint. The RVSI HR-2000

uses a proprietary optical triangulation 3-D vision system to produce a data
set. The solder joint's 3-D geometry is mathematically described in the data

set by thousands of independent x,y,z surface measurement points.

3.2 Procedure for Creating Geometry

The procedure for creating geometry with the RVSI (Figure 3.1) is a

modification of the procedure used with the Four Pi Laminography system as

shown in Figure 2.4. The flow of the problem solving stages is: solder joint,
image acquisition, image processing, image segmentation, and session file
preparation for the mesh generation program PATRAN.

We have divided solder joints into two classifications based on geometric
characteristics. This is needed because different amounts of solder require
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different approaches in the subdivision of the solder joint constituents (i.e.,

solder, board, resister). The two classifications are defined as whether or not

the solder covers the top of the resistor. Figure 3.2 shows solder that covers

the top of the resistor, which will be called type A joint. Figure 3.3 shows

solder that dose not cover the top of the resistor, which will be called type B

joint.

The proper subdivisions of the solder constituents are critical in the

development of computer meshes. The geometric entities (patches for 2-D,

hyperpatches for 3-D) must be defined in such a manner that ensures there

are no mesh interface problems between any of the subregions. The solder in

a type A joint is divided into ten subregions as shown in Figure 3.2. The top

view shows that the solder joint is divided into halves. The center line is

found by locating the position of the trace. The side view shows that each half

is then divided into five subregions. The solder in a type B joint is divided into

six subregions as shown in Figure 3.3. Again the solder is divided into halves.

Since the solder fails to cover the top of the resistor the top two subregions for

each half are not needed. The differences in the types of joints will require

two separate approaches in the subdivision of the resistor to ensure a proper

interface between resistor subregion meshes and adjacent solder subregion

meshes.

The program was written for the type A joint. Some separate subroutines will

have to be written to process a type B joint. The procedures defining the

bottom two subregions on each half will be the same for both solder types.

3.2.1 Knowledge Base

The knowledge base information is the same information used for the Four Pi

Laminography method except for the standoff height. The RVSI laser vision

system determines the standoff height from the thickness of the resistor

subtracted from the measured top of the resistor. The thickness of the resistor

comes from the manufacture's design specifications. as shown in Figure 3.4.
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3.2.2 Image Acquisition

Figure 3.5 shows the data set output of the image acquisition stage. The data

set is a high resolution geometric map of the solder joint along with the

surrounding resistor and board. The amount of surrounding area included is

programmed manually or directly from CAD downloading prior .o imaging.

The measurement points are stored within a file as x, y, z coordinates and a

slice number. A slice is a scan of data points having approximately the same y

value. Table 3.1 shows that each scan's data points are listed in increasing x

values.

3.2.3 Image Processing

The image processing stage consist of methods to process the data points. One

of the methods used is to average the y value within each slice and then

replace the y coordinate with that slice's average value. A second method is

the generation of data points in area where there are missing data points.

The third method is averaging the x and z values of the data points before and

after a data point. This is done for each point within the slice then these

averaged x and z coordinates are used to replace the x and z coordinates of the

middle data point. The third method is show in Figures 3.6 and 3.7. The x

and z coordinates for points one and three are averaged and stored an array.

The procedure moves down the file to the next data point. Point three of the

previous step is now point two. Later the averaged point values replace their

corresponding raw data points. Figure 3.7 shows the smoothed data points as

a result of using this method.

The third method is used to smooth the data points because of the variation of

the y coordinates within a slice. Table 3.1 shows the center portion of a slice.

In each slice the y coordinates may vary by up to 1 mil between data points.

The major problem is at the center of the scan where a large jump (1.0 to 2.5
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mils) occurs in the y coordinates. In the table the jump occurs between an x

value of 10.5987 and 10.6003. The magnitude of this jump is 2.3 mils.

3.2.4 Image Segmentation

Image segmentation will use knowledge base information to help locate the

pad and component boundaries and then selectively removing data points

outside of these boundaries. Next the program divides the data points to fit

into subregions as shown in Figure 3.2. Lines are fit on these subregional

data points for each slice. Patch and then hyperpatches are then generated.

The same method used with Four Pi defines geometric entities and then

writes this information into a session file.

3.3 Generation of a Session File

RVSI laser-vision system measures the locations of points on the surface of a

SMT solder joint and its joining chip resistor. A typical data supplied by RVSI

included over 5500 data points arranged in 85 slices. The data were listed as

integers in which one unit represented 10-4 in ( i.e., 2.54 mm ). The slices

were separated by about 15 original integer units ( i.e., 38 mm ) in the local y-

direction. Each slice was an open curve of data points running up one side of

solder, across the top, down the other side. Figure 3.8 shows the grid points

of slice 34 of the joint imaged by laser vision.

The following procedure were used to generate PATRAN session file from the

surface points of RVSI laser-vision.

The data from RVSI was read by a FORTRAN program. For each slice, the

program records all the points above the solder pad, closes the open curve of

each slice by adding new grid points along the interface between solder joint

and solder pad. Figure 3.9 shows the closed curve of slice 34. The average y

coordinate of each slice was calculated and was assign to every point in this
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slice (since the original data points do not have constant y coordinate in the

same slice). Also, it converts unit from '10- 4 in' to 'mm'. All the grid points

were then stored in a session file preparation for the mesh generation

program PATRAN.

The following two methods were used to generate finite element meshes from

grid points of the session file using PATRAN pre-processing. In Method 1, as

shown in Figure 3.10, the vertical cross sections are created first. These

sections are then connected to each other to create the solid model of the joint.

In Method 2, as shown in Figure 3.11, the outer surface of the solder joint is

created first, followed by filling the interior to create the solid model.

The steps followed in these two methods are illustrated below.

Method 1. Hyperpatches from cross-sectional patches.

For each slice, lines are fitted and drawn to the grid points, as shown in

Figure 3.12. Edge patches, defined by lines on all four sides, are drawn and

blended as shown in Figure 3.13. Two-patch hyperpatches are defined

between pairs of patches on adjacent slices, as shown in Figure 3.14. All the

hyperpatches are blended in order to smooth the model. The hyperpatches are

then filled with eight-noded finite elements, as shown in Figure 3.15. Figure

3.16 shows the solid model of the assemble created by Method 1.

Method 2. Hyperpatches from surface patches.

For each slice, lines are fitted and drawn to the grid points. In order to make

the lines smooth and without loosing its original shape, the curve of each slice

is divided into five sections. Lines are then fitted and drawn to the grid points

along each section. Three lines at upper level are merged as one curve, it is

then broken into two lines in the middle point, these two lines are blended

with the bottom two lines in order to keep the model smooth. Additional lines

are created to connect the joining point of the lines for the purpose of

generating patches later. Between two adjacent slices, lines are also created

to connect the corresponding grids which join the lines in order to generate

surface patches later. Figure 3.17 shows the lines between slices 34 and 36 of

the solder joint imaged by laser vision. Four edge patches at upper level and

three two-line patches at lower level are generated between two slice, as
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shown in Figure 3.18. The patches on the surface are then blended. Two-

patch hyperpatches are defined. The two on the top are made by upper-lower

patches, while the two on the bottom are made by left-right patches, as shown

in Figure 3.19. The hyperpatches at the joir.ng area between solder joint and

the chip resistor and behind the joining area were generate from cross-

sectional patches, as it was described in the Method 1. The hyperpatches are

then filled with eight-noded brick finite elements, as shown in Figure 3.20.

Figure 3.21 shows the solid model of the assemble created by Method 2.

As may be observed from the comparison of Figures 3.15 and 3 20, Method 2

tends to yield smoother surface, although it is more difficulk ',i automate.

This is also concluded by comparison Figures 3.16 and 3.21.
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Table 3.1 Portion of RVSI HR-2000 data slice

X Y Z Slice Number
inch inch inch

10.5902 10.1686 2.4537 60
10.5913 10.1683 2.4540 60
10.5931 10.1685 2.4538 60
10.5945 10.1685 2.4538 60
10.5957 10.1683 2.4540 60
10.5972 10.1683 2.4540 60
10.5987 10.1685 2.4538 60
10.6003 10.1708 2.4543 60
10.6020 10.1708 2.4545 60
10.6036 10.1708 2.4547 60
10.6051 10.1707 2.4545 60
10.6066 10.1707 2.4545 60
10.6080 10.1707 2.4545 60
10.6092 10.1708 2.4545 60
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Figure 3.3 Type B joint
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Figure 3.6 Raw data from slice 26
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Figure 3.7 Averaged data from slice 26
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GRID POINTS OF SLICE 34 OF*THE SOLDER JOINT

IMAGED BY LASER VISION

Figure 3.8 Grid points of slice 34 of the solder joint imaged by laser vision
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CLOSED CURVE OF SLICE 34

Fx

Figure 3.9 Closed curve of slice 34
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Figure 3.10 Method 1 (Hyperpatches from cross-sectional patches)
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Figure 3.11 Method 2 (Hyperpatches from surface patches)



130

LINES FITTED AND DRAWN TO THE GRID POINTS IN SLICE 34 OF

THE SOLDER JOINT IMAGED BY LASER VISION

Fi2d0

Figure 3.12 Lines fitted and drawn to the grid points (method 1)
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EDGE PATCHES DEFINED BY THE LINES ON SLICE 34 OF

THE SOLDER JOINT IMAGED BY LASER VISION

F3

Figure 3.13 Edge patches defined by the lines (method 1)
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HYPERPATCHES DEFINED BETWEEN PAIRS OF PATCHES

ON ADJACENT SLICES

Figure 3.14 Hyperpatches defined between two patches (method 1)
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FINITE ELEMENT MESH

Figure 3.15 Finite element mesh (method 1)
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SOLID MODEL

Figure 3.16 Solid model (method 1)
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LINES FITTED AND DRAWN TO THE GRID POINTS IN

SLICES 34 AND 36 OF THE SOLDER JOINT

IMAGED BY LASER VISION

Fewo 1.7
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SURFACE PATCHES DEFINED BY THE LINES BETWEEN

SLICE 34 AND 36 OF THE SOLDER JOINT

Figure 3.18 Surface patches defined by the lines (method 2)
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HYPERPATCHES DEFINED BY SURFACE PATCHES

Figure 3.19 Hyperpatches defined by surface patches (method 2)

U
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FINITE ELEMENT MESH

Figure 3.20 Finite element mesh (method 2)



139

SOLID MODEL

Figure 3.21 Solid model (method 2)
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4. ADDITIONAL RESULTS AND DISCUSSIONS

The results obtained from the Four Pi data appeared distorted when compared
to the solder joint being imaged. Tests were performed on the Four Pi system
to verify the severity of the distortion if in fact it does exists. The results of

these test are discussed below.

4.1 Repeatability

A repeatability test was done on a known solder object. A disk was filed down
to produce the object shown in Figure 4.1. For this test the object was placed
on a PWB. The PWB was loaded into the x-ray machine and serves to support
the object during the test.

The purpose of the repeatability test is to compare the results of the boundary
found for two different sets of laminographs. The two sets are taken of the
same object on different days using the same camera settings. Also the same
number of frame averages was used. The first set of x-rays was taken on 3
Dec. 1992, while the second was taken on 22 Jan. 1993. On each day the first
slice was set at 5 mils above the board level. Additional slices were taken

every 10 mils apart.

All laminographs were processed using a 5X5 median filter. A constant
threshold value was used to find the boundary of the object. Because of the
inability to accurately measure the relationship between the local coordinate
system for each day and a global coordinate system, just the dimension of the
object in the y direction was determined. The results are shown in Table 4. In
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all slices the length found from the first set was greater than or equal to the

length found from the second set.

4.2 Accuracy

Although the Four Pi system showed that results are repeatable, these same

results show distortions of the object. These distortions are directly related to

the nature of laminography and the hardware used to produce the images.

Unlike previous reports (Adam, 1989, Siewert and Austin), our results showed

incorrect height measurements in all reconstruction. Our incorrect height
measurements agreed with a previous study (Black, 1991) of solder joint

reconstruction from SBL images . The same known object used in the

repeatability test shows this distortion in Figures 16. In the figure the known

object is shown to scale with the 3-D mesh generated from the laminographs

using the program. A distinct cone is seen above the object in Figure 4.2.

Laminographs taken below the surface of the board would produce a similar

cone only pointing downward. These results show solder at 75 mils above the

top of the known object, or 170% higher than actual height. All of our 3-D

reconstruction shows this distortion. This distortion is directly related to the

nature of laminography and the Four Pi Systems hardware used to produce

the images. The amount of distortion is a factor of camera settings and the

image segmentation procedures as shown in Figure 4.3.

A surface mounted capacitor was imaged with Four Pi and processed as

mentioned earlier. The 3-D mesh is shown in Figure 4.4. The model was
produced by rejecting any slice that was above the z height of the top of the

capacitor. A look at these rejected slices would show solder present at 10 mils

of 42% higher than actual height. The distortion seen with the known object

is also seen on the solder joint. Even with the slices rejected the results are

far from accurate. The boundaries found are distorted to some degree, with

the top laminographs producing greatly exaggerated boundaries (Figure 4.5).

The view is from the side of the joint and the red line shows the maximum

extent c & the solder surface found from RVSI.
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The same capacitor was imaged with RVSI and processed as mentioned

earlier. The program is not complete, therefore only the solder below the top

of the component was found and inputted into the session file. The 3-D mesh

is shown in Figure 4.6. This is the first attempt in automated generation of 3-

D finite element computer meshes for a solder joint using RVSI data. It can

be seen that this model is a better reconstruction of the imaged solder joint

than the reconstruction obtained from x-ray laminography.

4.3 Discussions

The tests conducted on the accuracy of the Four Pi system showed that the

distorted 3-D finite element computer meshes are not a result of the program

development. The distortions are directly related to the nature of

laminography and the Four Pi Systems hardware used to produce the images.

These distortions are so great that laminography is excluded as an inspection

system that can assess the geometry of a solder joint for this project. The

project course is now changed to use the RVSI HR-2000 as the primary image

system. This will limit internal information as shown from summary of

inspection system in Table 1.1. Later work may incorporate Four Pi

Laminography for void presence and location.

Understanding the characteristics of solder joints will help to develop the

knowledge base of Figure 3.1. This knowledge along with knowledge of

manufacturing techniques is a key to generating more accurate computer

meshes.

4.3.1 Four Pi Versus RVSI

Capabilities and limitations of manufactured object are inherit in the product

outpi- because of project goal, design criteria, and reliability standards. A

comparison of the capabilities and limitations of the x-ray laminography and

laser vision inspection system is shown below.
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4.3.1.1 Four Pi System

Capabilities

"* Only inspection system that can determine void locations

"* High speed (100 milliseconds per image)

"* Slice data is all in one plane on the z axis

"* Provides solder data separate from the other solder joint constituents

"* High resolution (.78 mils in x and y direction, while 1 mil in z direction)

Limitations

"* Data is distorted

"* Sharp corners are rounded off during the image acquisition stage

"* Data is in discrete slices; therefore, important boundary transitions can be

missed if these boundaries fall between slices

"* Location of resistor and pad with respect to solder difficult to find

4.3.1.2 RVSI System

Capabilities

"* High speed (12 joints per second)

"* High resolution (0.1 mils in x, y, and z directions)

"* Provides information on all solder constituents

Limitations

"* System noise

"• Missing data points in critical areas

"* Has line of sight limitations; that is, what can not be seen can not be

imaged

"* Difficulty in separation of the data into the solder joint constituent groups

.... ....
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The RVSI HR-2000 limitations can be overcome with knowledge based
information, however, the limitations of the Four Pi will be very had if not
impossible to overcome.
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Table 4.1 Repeatability test results of the known object;. The difference
between the measured y direction is shown along with the percentage this
difference is of the actual length

Slice Distance Difference Difference in
number above in pixels percentage of

board level actual length

1 5 4 2.3
2 15 3 1.7
3 25 1 0.7

4 35 1 0.7

5 45 0 0.0
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Figure 4.1 Dimensions (in mils) of known solder object
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Figure 4.2. Comparison of known solder object with Four Pi imaging results



148

9
R

T

N
S

Elf1 I I Ix \

of I I I I I \ I

Figure 4.3. Different camera settings showing how the distortion can change

for the same known solder object used in Figure 4.2



149

A-II

7-/7

Figure~~~N- 7.4 7eh lie rmhemdfe rga uigFu idt
/~~V 3v



150

xx[
______ ___xI
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5. INTERACTIVE MESH GENERATION WITH RVSI DATA

An interactive method to generate 3D computer meshes is now being

developed. The automated method failed to produce computer meshes because

of several shortcomings of the program. The first shortcoming is the difficulty

in separation of the data into the solder joint constituent groups. A surface-

mount chip resistor (Figure 1.1) has five major constituent groups: board, pad,

trace, resistor, and solder. The program needs to identify the boundary

between the solder joint constituent groups before a computer mesh can be

generated. These boundaries are between:

"* Trace and board

"* Trace and solder

"* Trace and pad

"* Pad and solder
"* Pad and board
"* Resistor and solder

The automated method had difficulty in accurately identifying two of the

above listed boundaries. These two boundaries were the pad and solder, and

the resistor and solder.

5.1 Problems with Locating Boundaries

The program determined the pad and solder boundary by looking at the data

near the parameter edge of the pad. The pad's location is determined by

looking at a portion of the pad that is not covered with solder. The data points

that fall into this category are then averaged to determine the pad and solder

boundary. Several assumptions are made using this method:
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"* The pad's surface is smooth with few irregularity.

"* The board is not warped or twisted.

"* The pad's local coordinate system is parallel to the inspection system's

global coordinate system.

An investigation of these assumptions was done by inspection a pad before

manufacturing the solder joint. The results show that the surface of the pad

is not smooth. This surface is the boundary between the pad and solder.

Table 5.1 shows selected portions of four slices from the pad inspection. Slice

17 is at the beginning of the pad (near the trace); whereas, slice 53 is at the

end of the pad (portion of pad that would be covered by resistor). Because of

the nature of the inspection system and the irregularities of the pad the

number of data points that belonged to the pad ranged from 37 to 42. In the

table below the last 20 pad data points are listed for each slice. The table

shows the distance the pad surface is from the inspection system's global

coordinate frame. This distance is in the z direction. The corresponding x

coordinates vary for the data points of different slices. Because of this they

are not included in the table.

The table shows that the pad surface may change by 2.1 mils. Also a 0.5 mil

change between consecutive points is likely. This shows that one or more of

the assumptions listed above are not true.

If the solder volume is large enough to cause the solder to be present near the

top of the resistor or in some cases to extend over the top of the resistor, the

boundary between the resistor and solder is extremely difficult to locate. The

reason for this comes from several factors listed below:

"* irregularities in the resistor

"* Noise in data

"* Excessive solder

"* Random scatter of data points

"* Wide range of joint size and geometry

"* Resistor not in alignment with the pads and board (i.e. resistor is rotated

on one or more of it's three axes)
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The automated method used four different method in locating the boundary

between resistor and solder. Any one of the factors listed above can and did

cause the program to select the improper boundary location. A program that

could handle all the possible combination of the above factors, if it could be

written, would be enormous in size and complexity.

5.2 User Interaction

An interactive method has been developed to overcome the problems with an

automated method. A graphics library, SunPHIGS, is used to generate a

window that will handle graphics applications. The program displays one

slice of data points at a time. The user will view each slice and determine

boundaries by flagging slices and picking data points off the screen. Once

critical points are selected they will remain on the screen for any other slice

viewed. This gives the user reference points to assist in location future critical

points. Data points can be deleted and created by the user to overcome some

of the factors listed above. Once boundaries and critical points are determined

by the user the program automatically generates a session file to be used in

the software PATRAN.

5.3 Generating the Mesh

The first mesh obtained from the interactive method is show in Figure 5.1.

This finite element mesh consist of only the solder from the boundary of the

trace and solder to the boundary of the resistor and solder. The solder joint

imaged has excessive solder that has overflowed onto the trace during

manufacturing. This is the reason for the abrupt end face at the small end of

the mesh rather than the gentle slope of the solder surface down to pad level.

The other abrupt end is the surface where the resistor is located. The mesh

shown contains 2760 elements.
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Table 5.1 Pad height of select portion of four slices from RVSI results

Slice 17 Slice 31 Slice 42 Slice 53

inch inch inch inch

2.4470 2.4470 2.4471 2.4473

2.4467 2.4470 2.4471 2.4472

2.4476 2.4473 2.4465 2.4472

2.4462 2.4470 2.4467 2.4463

2.4467 2.4467 2.4468 2.4467

2.4467 2.4471 2.4467 2.4471

2.4467 2.4472 2.4467 2.4472

2.4466 2.4473 2.4471 2.4467

2.4475 2.4470 2.4470 2.4463

2.4472 2.4472 2.4472 2.4472

2.4467 2.4468 2.4468 2.4471

2.4470 2.4467 2.4472 2.4470

2.4472 2.4472 2.4470 2.4468

2.4473 2.4466 2.4473 2.4472

2.4471 2.4468 2.4466 2.4468

2.4475 2.4470 2.4468 2.4468

2.4471 2.4470 2.4471 2.4472

2.4476 2.4467 2.4468 2.4472

2.4473 2.4470 2.4477 2.4471

2.4478 2.4483 2.4476 2.4481
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Figure 5.1 The finite element mesh obtained from the interactive method
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6. CONCLUSIONS

The Four Pi system performed well in the repeatability test, however it

performed poor in accuracy. It has the ability to show internal defects

although the accuracy of the exact geometry of the defects may be

questionable. The laminographic images contain characteristic distortions

that are directly related to the nature of laminography and the hardware used

to produce the images. These effects must be taken under consideration in

order to build an accurate 3-D reconstruction. The Four Pi data must be

processed to recover the distorted images before the reconstruction process

begins. This may be accomplished by either using the existing drawings of

packages, or the surface geometry provided by RVSI.

The Four Pi program works well with surface mounted capacitors. By adding

new subroutines, data from other types of solder joints can also be processed.

From the early stages the RVSI program has provided better reconstruction of

the imaged solder joint than the Four Pi program. This is because of the large

distortion of the x-ray lamninography data. If a surface smoothing method or a

better method to define the reconstructed surface can be written into a code

then the RVSI data should be able to provide an accurate automated

generation of 3-D finite element computer meshes for a solder joint.

The interactive mesh generation displays the flexibility to handle a verity of

solder joint sizes and shapes. In development of the mesh unwanted data

points were deleted and new data points were generated. Key data points

were selected and then the program automatically generated a session file to

produce the mesh shown in Figure 5.1. Work is in progress to further

investigate this algorithm (Boehmer, 1993).
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APPENDIX A

Session Files for PATRAN

The session file is a list of commands written in card image format. The first

three lines are for the initialization of PATRAN. The first line, "GO", signals

the program to start a normal run. The second line, "1", defines that a new

PATRAN execution is to begin, rather than a restart of an old PATRAN

execution. The third line, "SET,LAB1,OFF", turns off all geometry model
labels, including LABG, LABL, LABP, LABH. What this means is that the

labels of geometric entities - grid, line, patch, and hyperpatch - are not

displayed along with their corresponding entity.

The remainder of the session file is divided into four sections. The largest

section is the grid generation commands. The x, y, and z coordinates are left

in units of pixels. This allows the reader to easily visualize the object

generated. Remember that each entry is a pixel that was flagged as being the

solder boundary. The next section is the line generation commands. The

program uses two different line generation commands. One command is the
two grid, 2G, method, the other is the best fit, FIT, method. In the two grid

method a straight line is generated from first grid point the second grid point.

In the best fit method a line is generated from a least square approximation
for the grid points listed. The third section is the patch generation

commands. A patch is an area defined by four grid points, QUAD, as the

corner locations of a rectangle, or an area defined by four lines, EDGE, as the

perimeter of the area. The last section is the hyperpatch generation

commands. A hyperpatch is a volume defined by two patches, 2P, as the

surface faces of two opposite faces of a three-dimensional object.
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GO
1
SET,LABI1,OFF
GRID, 1,,281/26 1/0
GRID,2,,307/26 110
GRID ,3,,350/26 110
GRID,4,,350/227/0
GRID,5,,350/192/0
GRID,6,,307/19210
GRID,7,,281i i92/0
GRID,8,,281J227/0
GRID,9,,307/227/0
GRID, 10,,307/256/5
GRID, 1 1,,309/256/5
GRID, 12,,3 11/256/5
GRID, 13,,3 14/256/5
GRID, 14,,3 15/256/5
GRID, 15,,316/256/5
GRID, 16,,3 17/256/5
GRID, 17,,318/256/5
GRID, 18,,319/256/5
GRID, 19,,320/256/5
GRID,20,,32 1/256/5
GRID,2 1,,322/255/5
GRID,22,,323/255/5
GRID,23,,324/255/5
GRID,24,,325/255/5
GRID,25,,326/255/5
GRID,26,,327/254/5
GRID,ý27,328/254/5
GRID ,28,,329/254/5
GRID,29,,330/253/5
GRID,30,,33 1/253/5
GRID,3 1,,332/252/5
GRID,32,,333/252/5
GRID ,33,,334/25 115
GRID ,34,,335/250/5
GRID,35,,336/249/5
GRID,36,,337/248/5
GRID,37,,338/247/5
GRID,38,,338/246/5
GRID,39,,339/245/5
GRID,40,,339/244/5
GRID,4 1,,340/243/5
GRID,42,,340/242/5
GRID,43,,340/24 1/5
GRID,44,,34 1/240/5
GRID,45,,34 11239/5
GRID,46,,342/238/5
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GRID,47,,342/237/5
GRID,48,,342/236/5
GRID,49, ,342/235/5
GRID,50,,343/234/5
GRID,5 1,,343/233/5
GRID,52,,343/232/5
GRID,53,,343/23 1/5
GRID,54,,343/230/5
GRID,55,,343/229/5
GRID,56,,344/228/5
GRID,57,,344/227/5
GRID,58,,344/226/5
LINE,1,2G,,1,2
LINE ,2,2G,,2,3
LINE,3,2G,,3,4
LINE,4,2G,,4,5
LINE,5,2G,,5,6
LINE,6,2G,,6,7
LINE,7,2G,,7,8
LINE,8,2G,,8, 1
LIN-E,9,2G,,8,9
LINE,10,2G,,9,2
LIN'E,1 1,2G,,9,4
LINE,12,2G,,9,6
LINE,13,FIT,, 1T37
LINE, 14,FIT,,37T57
LINE, 15,2G,,57,106
LINE, 16,FIT,,57T77
LINE, 17,FIT,,77T 105
LIN-E,18,2G,, 105,106
LINE, 19,2G,, 10, 106
LINE,20,FIT,,1 lOT 134
LINE,2 1,FIT,, 134T 152
LINE,22,2G,, 152,195
LIN-E,23,FIT,, 52T 169
LINE ,24,FIT,, 169T 194
LIN-E,25,2G,,194, 195
LINE ,26,2G,,1 10,195
LINE ,27,FIT,, 96T 199/20 1T22 1
LINE ,28 ,FIT,,22 1T238
LINE,29,2G,,238,278
LINE ,30,FIT,,238T253
LINE,3 1,FIT,,253T277
LINE,32,2G,,277,278
LINE ,33,2G,, 196,278
LINE ,34,FIT,,279T299/30 1T304
LINE,35,FIT,,304T3 19
LIN-E,36,2G,,3 19,355
LINE,37,FIT,,3 19T332
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LINE ,38,FIT,,332T354
LINE ,39,2G,,354,355
LINE,40,2G,,279,355
LINE,4 1,FIT,,356T376
LINE ,42,FIT,,376T390
LINE,43,2G,,390,421
LINE ,44,FIT,,390T40 1
LINE ,45,FIT, ,40 1T420
LINE ,46,2G,,420 ,42 1
LINE ,47,2G,,356,42 1
LINE,48,FIT,,422T438
LINE ,49,FIT,,438T45 1
LINE,50,2G,,45 1,477
LINE,5 1,FIT,,5 1T459
LINE,52,FIT,,459T476
LIN-E,53,2G,,476,477
LIN-E,54,2G,,422,477
PATCH, 1,EDGE,, 1/10/9/8
PATCH,2,EDGE,,2/3/1 1/10
PATCH,3,EDGE,,7/9/12/6
PATCH,4,EDGE,, 12/11/4/5
PATCH,5,QUAD,, 109/10/106/108
PATCH,6,QUAD,, 108/106/105/107
PATCH,7,EDGE,, 13/14/15/19
PATCH,8,EDGE,, 16/17/18/15
PATCH,9,EDGE,,20/21/22126
PATCH, 10,EDGE,,22/23/24/25
PATCH, 1 1,EDGE,,27/28/29/33
PATCH, 12,EDGE,,29/30/3 1132
PATCH, 13,EDGE,,34/35/36/40
PATCH, 14,EDGE,,36/37/38/39
PATCH, 15,EDGE,,4 1/42/43/47
PATCH, 16,EDGE,,43/44/45/46
PATCH, 17 ,EDGE,,48/49/50/54
PATCH, 18,EDGE,,50/5 1/52/53
HPAT,1,2P ,,1,5
HPAT,2,2P,, 3,6
HPAT,3,2P,,2, 7
HPAT,4,2P ,,4,8
HPAT,5,2P,, 7,9
HPAT,6,2P,, 8,10
HPAT,7,2P,,9, 11
HPAT,8,2P,, 10,12
HPAT,9,2P,, 11,13
HPAT, 10,2P,, 12,14
HPAT,1 1,2P,, 13,15
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APPENDIX B

List of Participants of the Project

The following personnel participated during this project:

1. Nasser H. Paydar, Ph.D.

Principal Investigator

2. Hasan U. Akay, Ph.D.

Co-principal Investigator

3. Yihong Tong, Ph.D.

Post-Doctorate Research Associate

4. William Boehmer

Graduate Research Assistant

5. David Wetsel

Undergraduate Research Assistant

As a result of his participation in this project, William Boehmer is expected to

complete his Master's thesis by the end of 1993. No inventions or copyrighted

materials resulted with this project.
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APPENDIX C

List of Publications

The following research papers, directly related with this project, were
published in technical journals and conference proceedings.

1. N. Paydar, H.U. Akay and Y. Tog, "Thermal Stress Analysis of an SMT
Solder Joint Using a Creep-Plasticity Model," Proceedings of
ELECTRECON' 91, Indianapolis, Indiana, October 22-23, 1991.

2. H.U. Akay, Y. Tong, and N. Paydar, 'Thermal Fatigue Analysis of a SMT
Solder Joint Using Nonlinear FEM Approach," IEPS Electronics

Packaging Conference, Austin, Texas, September 27-30, 1992.

3. H.U. Akay, Y. Tong, and N. Paydar, "Thermal Fatigue Analysis of an

SMT Solder Joint Using Nonlinear FEM Approach," International

Journal of Microcircuits and Electronic Packaging, Vol. 16, No. 2, 1993.

4. N. Paydar, Y. Tong, and H.U. Akay," A Finite Element Study of Fatigue
Life Prediction Methods for Thermally Loaded Solder Joints," ASME

International Electronic Packaging Conference, Binghamton, New York,
September 29-October 2, 1993.

5. N. Paydar, Y. Tong, and H.U. Akay, "A Finite Element Study of Factors

Affecting Fatigue Life of Solder Joints," ASME Journal of Electronic

Packaging (submitted for review, November 1992).

6. W. Boehmer," Automated Generation of 3-D Finite Element Meshes from
Solder Inspection Systems," Master's Thesis, Department of Mechanical

Engineering, IUPUI, Indianapolis, Indiana, 1993 (to be completed).


